Abstract: The nanosecond self-pulsing operation of a midinfrared solid-state laser with no additional passive absorbers is reported in this paper. A proof-of-principle demonstration of the cooperatively enhanced reabsorption method, in which two laserdiode-pumped erbium gain media share the same laser resonator, is proposed. The two excited media act cooperatively to enhance the reabsorption effect and amplify the generated signal pulses. Under the pump power of 3.8 W, pulses with a pulse repetition rate of 6.2 kHz, an average output power of 107 mW, and a single pulsewidth of 185 ns are obtained.
Introduction
Laser sources emitting in the 3 m range have numerous applications including material processing, medical applications, and environmental monitoring. With regard to remote sensing and less-invasive medical treatments, optical pulses with durations in the nanosecond regime are required [1] , [2] . Furthermore, nanosecond 3 m lasers can also be used as excitation sources for Raman lasers above 3 m and Mid-IR plasmonics [3] , [4] . Optical parametric oscillation (OPO) incorporated with near-infrared lasers is typically used to obtain pulse generation in this wavelength region. However, the complexity associated with the multistage approach makes design of a rugged, reliable and efficient configuration difficult. A promising alternative is the solid-state erbium lasers utilizing the 4 I1 1=2 ! 4 I 13=2 laser transition pumped by the well-developed ∼970 nm
InGaAs laser diode (LD). The concentration dependent up-conversion process ½ 4 I 13=2 þ 4 I 13=2 ! 4 I 9=2 þ 4 I 15=2 enables the circumvention of the self-terminating effect, which has been successfully used to realize 3 m continuous-wave (CW) laser operation in bulk Er: YAG [5] , Er:YSGG [6] , Er:GaF 2 [7] , Er:Y 2 O 3 [8] , and Er:Lu 2 O 3 [9] , [10] laser materials.
For the pulsed operation of 3 m solid-state erbium lasers, passive Q-switches have advantages over the active Q-switches in terms of compactness, simplicity, and low cost in design. To date, various passive saturable absorbers, such as Fe:ZnSe, Co:ZnSe, Co:ZnS, and InAs, have been used to realize the Q-switching of 3 m erbium bulk lasers where either quasi-continuous wave (QCW) LD pumping or flashlamp pumping configuration is adopted [11] - [13] . Graphene, topological insulator and black phosphors also exhibit promising saturable absorption in the 3 m region, which have been exploited to realize the generation of microsecond pulses in 3 m fiber lasers [14] - [16] . Recently, sustained self-pulsation, which has been exploited for various uses in the generation of pulses from the 1 m Yb bulk laser [17] , 1.5 m Er fiber laser [18] , and 1.9 m Tm fiber laser [19] , may provide a more simple approach to obtain pulsed 3 m Er lasers.
The periodic emission of optical pulses in these lasers may be initiated by several mechanisms, such as reabsorption induced saturable absorption [17] , [19] , clustering of the active ions [18] , and nonlinear reflection from stimulated Brillouin scattering (SBS) [20] .
In this paper, nanosecond, kilohertz 2.7 m self-pulsed operation of a CW LD pumped single erbium laser medium is achieved by the dynamical reabsorption effect in the 4 I 11=2 ! 4 I 13=2 transition of Er 3+ . However, the applicable LD pump power from such a self-pulsed laser is greatly restricted by the up-conversion process, and the average output power is limited to ∼10 mW. A cooperatively enhanced reabsorption (CER) method in which two LD pumped erbium gain media share the same laser resonator is proposed accordingly. Cooperative enhancement of reabsorption and amplification of the generated signal pulses are realized simultaneously. Under the pump power of 3.8 W, pulses with a pulse repetition rate of 6.2 kHz, an average output power of 107 mW, and a single pulse width of 185 ns are obtained. Although the experimental results at present are proof-of-principle demonstration of the CER method, it is of significance to prove that self-pulsation in bulk erbium lasers can be improved. 
Experimental Setup

Experimental Results and Discussions
When the LD power is increased to 0.8 W, the laser starts to oscillate. Irregular self-pulsing can be observed with a fast photodetector (Vigo, PVM-10) and a 1-GHz digital oscilloscope (LeCroy, 104Xs). When the LD power is further increased to 1 W, periodic pulses are formed, as shown in Fig. 2 . The corresponding pulse characteristics are measured as follows: an average output power of 12 mW, a pulse repetition rate of 3.2 kHz, and a single pulse width of 680 ns. Further increase of the LD power will destroy this state of sustained self-pulsation and eventually cause the laser to operate in the CW regime. When the Er:Y 2 O 3 is replaced with a 15 at.%, 2 Â 3 Â 6 mm 3 Er:Lu 2 O 3 ceramic, a similar temporal behavior is also observed but with a higher pulse repetition rate of 13.2 kHz and a shorter single pulse width of 600 ns. Further adjustment is made by replacing the heavily doped Er:Lu 2 O 3 ceramic with a 3 at.% Er:Lu 2 O 3 ceramic. Next, pulses with an average power of 5 mW, a pulse width of 500 ns, and a pulse repetition rate of 10 kHz are obtained. These phenomena indicate that both the clustering of the active ions and the nonlinear loss modulation in such a short gain medium have no effect on initiating the pulsed operation. The reabsorption effect should play an important role in producing the selfpulsing mode of the erbium bulk laser. According to these results, the pulse repetition rate is found to be substantially smaller than the relaxation oscillation frequency of such an Er:Y 2 O 3 laser: typically at ∼575 kHz (calculated from the parameters: upper laser level life time of 2.4 ms [21] , stimulated emission cross section of $1 Â 10 À19 cm 2 at 2715 nm [21] , 6% round-trip loss, 0.24 ns resonator round-trip time, and 3 W intracavity power). This behavior is different from that of the QCW LD pumped self-pulsed 2.7 m Er fiber lasers where the pulse repetition rate corresponds to the relaxation oscillation frequency [22] . The results provide direct evidence for the feasibility of self-pulsing in Er bulk lasers. However, the performance of such a self-pulsed laser cannot be improved by simply increasing the LD pump power, and the average output power is limited to ∼10 mW.
The corresponding reason for this temporal behavior can be understood as follows. Because the lower laser level 4 3+ at ∼3 m is a dynamic process involving competition between the positive and negative processes. Under a low LD pump power, the positive effect will have an advantage over the up-conversion effect, introducing a saturable absorption effect induced by reabsorption. Increasing the LD power will result in the upconversion process gradually dominating the performance, eventually leading to the CW lasing again. This process is in agreement with the above-mentioned experimental results, which has also been observed in the self Q-switched Yb 3+ :Ca 3 Gd 2 (BO 3 ) 4 crystal laser [17] . Therefore, enabling a self-pulsed solid-state erbium laser to reach a high performance level requires a higher amount of applied LD pump power.
To achieve such high performance, an improved configuration, which is identified as "cooperatively enhanced reabsorption" method, is proposed. Another 967 nm LD (with the same specifications as the aforementioned LD) pumping Er:Lu 2 O 3 or Er:Y 2 O 3 ceramic is added into the original resonator, as indicated by the dotted line frame in Fig. 1 . A beam splitter M3 with a coating that has a high transmission at the pump wavelength and high reflection at the lasing wavelength is used. Both the Er:Y 2 O 3 and Er:Lu 2 O 3 have the same doping concentration of 15 at.% and the same dimensions of 2 Â 3 Â 6 mm 3 . Another LD pumped Er 3+ laser medium can increase the population in the lower laser level, enabling the dynamic reabsorption effect to have a competitive advantage over the up-conversion process, even if the LD pump power reaches a high power level. The key point of the CER method relies on the fact that the cooperative enhancement of reabsorption and amplification of the generated signal pulses can be realized simultaneously in one common resonator shared by two identical or spectroscopically similar laser media, such as Er:Y 2 O 3 and Er:Lu 2 O 3 [9] , [21] . Table 1 summarizes the corresponding pulse characteristics obtained from different configurations under optimal situations, which can be classified as the common cases where only one excited gain medium is employed (marked as configuration 1-4) and the CER cases (marked as configuration 5-7). As seen from the CER cases, the average output power is greatly increased to 132 mW (configuration 5), whereas the single pulse width is substantially narrowed to 185 ns (configuration 7). These improvements benefit from the great increase in the applied LD pump power. Compared with configurations 5 and 6, configuration 7, which uses different excited gain media, can generate regulated pulses, such as a narrowed pulse width and a medium pulse repetition rate. Due to the close similarity of Lu 3+ to Er 3+ in mass and ionic radius, the thermal conductivity of Er:Lu 2 O 3 can remain high at high doping level. This high thermal conductivity can account for the higher average output power obtained from the Er:Lu 2 O 3 -involved self-pulsed laser. Furthermore, the lifetimes both of the upper and lower laser levels for 15 at.% Er:Lu 2 O 3 (measured to be 1.3 and 2.4 ms, respectively) are shorter than those for 15 at.% Er:Y 2 O 3 (measured to be 2.9 and 9.6 ms, respectively). This means that the change between the population accumulation and the reduction in the lower laser level of Er:Lu 2 O 3 proceeds faster than that of Er:Y 2 O 3 . Therefore, shorter pulses with a higher pulse repetition rate are also observed in the Er:Lu 2 O 3 -involved self-pulsed laser. For configurations 3 and 4, the single pulses are narrower compared with the pulses of configurations 1 and 2. This result can be attributed to the increased linear loss induced by the insertion of the additional non-active gain medium.
With a monochromator (Omni-5005, Zolix), the corresponding lasing spectrum of configuration 7 is measured to be located at 2714.8 nm, as shown in Fig. 3(a) . Fig. 3(b) shows the dependence of the pulse repetition rate and the single pulse width on the total pump power from the two LDs. With increasing LD pump power, the pulse repetition rate is increased linearly, and the single pulse width is decreased monotonously. Fig. 4 shows the pulse waveforms at the maximum average output power from configuration 7. Remarkable pulse clusters are developed, including seven nanosecond pulses in a cluster, with the pulse amplitude gradually decreasing. The relatively long lifetime of upper laser level in Er 3+ may account for the formation of multi-pulses, as theoretically presented in [23] . Under the pump power of 3.8 W, pulses with a pulse repetition rate of 6.2 kHz and an average output power of 107 mW are achieved. The corresponding average output power instability is measured to be less than 2.5%. The corresponding peak power of a single 185 ns pulse in the cluster is calculated to be 13.1 W, which is nearly 124 times higher than the average output power. Performance of the self-pulsed laser, in terms of single pulse operation, average output power, and pulse duration, could be improved by optimizing the Er 3+ doping concentration in different host materials and resonator parameters (such as the transmittance of the output coupler and the antireflectioncoatings on the two light-passing faces of laser medium).
Conclusion
In conclusion, the CER method, in which two LD pumped erbium gain media share the same laser resonator, is proposed. Cooperative enhancements of the reabsorption and amplification of the generated signal pulses are realized simultaneously. Under the pump power of 3.8 W, pulses with a pulse repetition rate of 6.2 kHz, an average output power of 107 mW, and a single pulse width of 185 ns are obtained. Our study provides an efficient method to achieve the nanosecond self-pulsing operation of a mid-infrared solid state laser without the use of any additional passive absorbers.
